Introduction
[2] Postseismic deformation is widely observed following large earthquakes. Unlike imaging of high-speed rupture, where seismic networks provide the most important constraints, postseismic deformation is best recorded by geodetic networks. Although traditional terrestrial geodetic instruments such as tiltmeters and strainmeters can detect postseismic deformation [Kawasaki et al.,1995] , they suffer from temporally correlated noise which is associated with, for example, rainfall, making it difficult to identify the signal for periods longer than a few days. The deployment of dense arrays of continuous GPS receivers in plate boundary zones has largely solved this difficulty by providing stable measurements. Postseismic deformation over several years is now clearly detected with great precision [e.g. Heki et al., 1997] .
[3] Large GPS networks can also be used to constrain slip during large earthquakes, either from a geodetic inversion [Freymueller et al., 1994; Johnson et al., 2001] or a combined seismic-geodetic inversion [Ji et al., 2004; Ma et al., 2001] . For both postseismic studies and rupture inversions, daily GPS time series are traditionally used. In this type of GPS data analysis, one assumes that the GPS stations did not move during the 24 hours following the earthquake. This analysis strategy suppresses subdaily noise in the GPS phase data and results in precisions from a few mm (horizontal) to 6 -10 mm (vertical). On the other hand, this strategy makes it impossible to completely separate coseismic effects and early postseismic deformation. Using GPS measurements to estimate subdaily positions should be able to help us resolve which slip occurred coseismically and postseismically, providing greater insight for studies of slip propagation and stress transfer.
[4] In this study, subdaily GPS positions are estimated for the 2003 Tokachi-oki earthquake sequence. The GPS time series are then inverted to infer the space-time afterslip evolution. These are compared with coseismic slip distributions for the mainshock and its largest aftershock. Finally, we compare those slip distributions and discuss the frictional properties on the plate interface.
Tokachi-oki Earthquake
[5] The 2003 September 25 (19:50 UTC) Tokachi-oki earthquake (M $ 8) was the first megathrust earthquake in Japan recorded by its nationwide GPS network, GEONET, since its densification (Figure 1 ). It was followed by a M7.4 aftershock at 21:08 UTC on the same day. Slip distributions for the mainshock derived from 24-hour averaged GPS positions have been previously presented [Miura et al., 2004; Koketsu et al., 2004; Ozawa et al., 2004] . Miura et al. [2004] and Koketsu et al. [2004] found the maximum slip $30 km north to NNW of its epicenter while Ozawa et al. [2004] inferred the peak slip $50 km NW of the epicenter. All of those studies located the maximum slip to be deeper than the hypocenter. There were also several seismic analyses of the earthquake rupture [Yamanaka and Kikuchi, 2003; Yagi, 2004; Honda et al., 2004; Koketsu et al., 2004; Miyazaki et al., 2004b] . The cumulative slip distributions predicted for these seismic studies vary significantly.
[6] The space-time evolution of afterslip in the months following the Tokachi-oki earthquake has also been previously studied [Miyazaki et al., 2004a; Ozawa et al., 2004] . Afterslip is generally distributed around the rupture region, and cannot be fit by viscoelastic rebound [Tanaka, 2007] . Both of these postseismic studies focused on data collected more than one day after the mainshock. Miyazaki et al. [2004a] used daily GPS time series and did not model afterslip on September 25th or 26th. Ozawa et al. [2004] also used daily GPS time series to model the ''coseismic'' slip for the mainshock and the afterslip from September 26 to March 6, 2004. However daily GPS positions for September 25 included steps associated with the mainshock, the M7.4 aftershock, and the early phase of afterslip, and hence the inferred ''coseismic'' slip may not be accurate.
GPS Data and Inversion
[7] Although Miyazaki et al. [2004b] showed that GPS data sampled at 1-Hz can be used to estimate slip for the Tokachi-oki mainshock, there were telemetry-related 1-Hz outages at most of the sites closest to the epicenter. In order to be consistent, only the 30-second GPS data are used in this study. These data had no significant outages during the earthquakes and the early postseismic period. Data from a total of 55 GEONET stations shown in Figure 1 were analyzed using the GIPSY software [Lichten and Borders, 1987] and the ITRF2000 reference frame [Altamimi et al., 2002] . Estimates for coseismic and postseismic deformation are derived in the following manner. Positions of three IGS sites in Russia, Japan, and China (YAKT, USUD and WUHN), IGS orbits and Earth orientation are held fixed. The positions for the GEONET sites are estimated every 30 seconds, along with carrier phase ambiguities, randomwalk constrained troposphere zenith delays, and transmitter/ receiver clocks. In order to estimate coseismic steps for the mainshock and aftershock, GIPSY was modified to allow white noise resets at the times of the earthquakes, with positions modeled as a tightly constrained random walk process at other times to reduce multipath (K. M. Larson, Resolving static offsets from high-rate GPS Data: The 2003 Tokachi-oki Earthquake, submitted to Earth, Planets, Space, 2007, available online http://xenon.colorado.edu/larson_ eps_2007.pdf) (hereinafter referred to as Larson, submitted manuscript, 2007) . For postseismic analysis, no constraints are put on the GEONET position estimates. Although this strategy results in the presence of significant common-mode errors in the GPS time series, the subsequent inversion can be used to solve for these terms simultaneously with fault slip. This latter strategy was adopted to avoid double temporal smoothing by GIPSY and the Network Inversion Filter [Segall and Matthews, 1997] . Examples of GPS time series showing postseismic slip are shown in Figure 2 . Note that coseismic displacements and common mode errors have already been removed.
[8] The coseismic steps estimated by Larson (submitted manuscript, 2007) have been inverted to infer slip distributions for the mainshock and the largest aftershock. Smoothing and minimum norm constraints are imposed on the inversion. The same fault geometry as Miyazaki et al. [2004a] is adopted, but regions from both the mainshock and afterslip where no significant slip was found are deleted to loosen the penalty term for slip. The model region used is 320 km in length and 246 km in width. Its northeastern edge is located at 144.7°E, 43.9°N, and it is subdivided it into 13 Â 11 segments (see Figure 1) . Slip is expanded in twodimensional B-spline functions of order 3 following Yabuki and Matsu'ura [1992] . The relative weight of spatial smoothing and minimum norm constraints are determined by minimizing ABIC [Akaike, 1980] .
[9] The 30-second position estimates from 9/25 19:57:30 to 9/26 00:00:00 are inverted to infer the space-time evolution of the fault slip after the mainshock using the Network Inversion Filter with the same fault geometry as coseismic inversions. Hyperparameters for the temporal and spatial smoothing and minimum norm constraint are optimized by minimizing ABIC, instead of using the Extended Network Inversion Filter (ENIF) [McGuire and Segall, 2003] , because hyperparameter estimation by ENIF is sensitive to its a priori value. Tight constraints are imposed for the benchmark wobble term to suppress trade-offs with fault slip.
Results
[10] Estimated coseismic slip for the mainshock is shown in Figure 3a . The slip is downdip of the epicenter with a maximum amplitude of $5.3 m (at 144°E, 42°N), with typical slip uncertainties of about 0.7 m and 1.5 m at the deepest and the shallowest part of the fault. Although backward slip is inferred, it is within the uncertainties. The normalized RMS is 1.11. Slip is not well resolved in the shallower (<15 km depth) part of the fault, however the major part of coseismic slip is found in the resolvable region. (see the auxiliary material 1 for further information on model fit and resolution.)
[11] This study gives the first geodetic estimation of the coseismic slip for the M7.4 aftershock (Figure 3b ). Because it is much smaller, occurred soon after the mainshock, and would be obscured by 24-hour position averages, it has been more difficult to study this earthquake. The inferred slip is just a few tens of km west of its epicenter with maximum amplitude of about 30 cm (at 143.5°E, 41.6°N). Typical uncertainties for slip are 6 cm and 10 cm at the deepest and shallowest part of the fault, with similar resolution regions as in the inversion for the mainshock. The normalized RMS is 1.07.
[12] Afterslip is observed immediately after the mainshock. The cumulative afterslip for the period between the mainshock and the largest aftershock (period 1: Sep.25 19:57:30 $21:08:00) is shown in Figure 3c . In order to prevent the slip after the second earthquake from smearing into period 1, only forward filtered slip estimates are used. In other words, slip shown in Figure 3c is estimated from data only between the two earthquakes. Maximum slip of $3.4 cm is found between two coseismic slip loci. Again the majority of slip is found in resolvable regions, with typical uncertainties of 0.6-0.7 cm. The cumulative slip for the entire time series (period 2: Sep.25 19:57:30 $ Sep.26 00:00:00) is shown in Figure 3d . Similar to the slip during period 1, the slip locus with a maximum amplitude of about 7.3 cm is found in the region between the two epicenters, a slightly shallower part than the coseismic slip loci. In addition, a larger slip locus with the maximum amplitude of about 11.6 cm is found in the downdip extension of the afterslip. The typical uncertainties for the slip are 1.0-1.2 cm.
[13] The sequence of slip history suggests that the mainshock triggered afterslip just to the southwest of its rupture region, which then triggered the M7.4 aftershock in the farther southwest region. More afterslip was triggered by the second earthquake (or possibly by the combined effect of the two earthquakes) at the downdip extension of the two earthquakes. The initial afterslip locus continued to slip after the second earthquake, but it appears that the slip also propagated slightly updip in spite of the limited resolution in the updip. Although the inferred slip distribution tends to be spread out due to spatial smoothing constraints imposed in our inversions, two afterslip loci are inferred outside the main rupture regions. This could be a manifestation that the frictional properties on the plate interface at the Kurile Trench are non-uniform, as suggested by Miyazaki et al. [2004a] and Baba et al. [2006] .
Discussion
[14] The inversion results suggest that the speed of afterslip propagation is non-uniform in the dip direction; updip afterslip propagates faster and afterslip downdip propagation is significantly slower than updip slip. What causes the differences in the afterslip propagation speed?
[15] Ariyoshi et al.
[2007] conducted a numerical simulation study with a two-dimensional planar fault based on rate-and state-dependent friction laws [Dietrich, 1979] . Their model contains one velocity weakening patch (''asperity'') which is surrounded by a velocity strengthening zone. For several simulation results, they found that the depth-dependence of the effective normal stress s eff (i.e. normal stress minus pore pressure) causes slow afterslip propagation in the downdip part and faster afterslip propagation in the shallow updip portion of the fault. Ariyoshi et al. [2007] investigated small repeating earthquakes following the 1994 Sanriku Haruka-oki earthquake (M w $ 7.4) to obtain averaged cumulative afterslip histories, and found them to be consistent with their own simulation results.
[16] Another possible model for non-uniform afterslip propagation speed is proposed by Kato [2004] . This model involves two equal-sized velocity weakening patches, with one having more unstable frictional properties, surrounded by velocity-strengthening zones. He showed that afterslip follows an earthquake at one weakening patch and the second patch starts to rupture when the afterslip reaches it. He also showed that the afterslip propagates faster as the distance between the two asperities becomes smaller. In the case of the 2003 Tokachi-oki earthquake, the closest weakening patches in the trench-parallel direction are the largest aftershock (Figure 3b ) to southwest and possibly the 1973 Nemuro-oki earthquake to the northeast. Since the distance to the largest aftershock area is shorter, afterslip may have propagated faster to southwest. One possible interpretation for this effect is that the velocity strengthening zone between two weakening zones is partially locked during the interseismic period because weakening zones of both edges are strongly locked and prevent the strengthening zone from freely slipping with the plate velocity.
[17] Miyazaki et al. [2004a] estimated afterslip for 30 days and found significant slip in regions at similar depth to the mainshock rupture region, where no significant slip is inferred from four hours of GPS data. This difference would imply that the afterslip in these regions accelerated more slowly than updip-downdip regions.
[18] Following Miyazaki et al. [2004a] , we calculated shear stress changes at the afterslip regions. The shear stress decreased while the sliprates are nearly constant. Because we did not use the first few minutes of GPS data following the mainshock, we may have missed the acceleration phase. The transition time scale from dynamic to static may help constrain the frictional properties of faults.
Conclusions
[19] The early phases of afterslip following the 2003 Tokachi-oki earthquake have been investigated. GPS station positions estimated every 30 seconds are used to invert for the space-time evolution of afterslip. Coseismic slip for the mainshock and its largest aftershock are also modeled. The afterslip that occurs between the two earthquakes is located between the two epicentral areas. Subsequently a deeper part of the fault started to slip. Less significant slip was inferred in the eastern side of the mainshock region, where significant afterslip was previously found for periods of one month to a year. The trench perpendicular and parallel nonuniformities of the afterslip propagation may be described by depth-dependence of the effective normal stress and distance between two velocity weakening patches, respectively. This analysis demonstrates how subdaily GPS can provide additional constraints on fault frictional properties for studies of megathrust earthquakes, particularly when GPS networks are built in plate boundary zones.
